Mechanisms that regulate oligodendrocyte survival and myelin formation are an intense focus of research into myelin repair in the lesions of multiple sclerosis (MS). Although demyelination and oligodendrocyte loss are pathological hallmarks of the disease, increased oligodendrocyte numbers and remyelination are frequently observed in early lesions, but these diminish as the disease course progresses. In the current study, we used a microarray-based approach to investigate genes regulating repair in MS lesions, and identified interleukin-11 (IL-11) as an astrocyte-derived factor that potentiates oligodendrocyte survival and maturation, and myelin formation. IL-11 was induced in human astrocyte cultures by the cytokines IL-1␤ and TGF␤1, which are both prominently expressed in MS plaques. In MS tissue samples, IL-11 was expressed by reactive astrocytes, with expression particularly localized at the myelinated border of both active and silent lesions. Its receptor, IL-11R␣, was expressed by oligodendrocytes. In experiments in human cultures in vitro, IL-11R␣ localized to immature oligodendrocytes, and its expression decreased during maturation. In cultures treated with IL-11, we observed a significant increase in oligodendrocyte number, and this was associated with enhanced oligodendrocyte survival and maturation. Importantly, we also found that IL-11 treatment was associated with significantly increased myelin formation in rodent CNS cocultures. These data are the first to implicate IL-11 in oligodendrocyte viability, maturation, and myelination. We suggest that this pathway may represent a potential therapeutic target for oligodendrocyte protection and remyelination in MS.
Introduction
The pathological hallmarks of multiple sclerosis (MS) are multifocal sites of CNS inflammation associated with blood-brain barrier breakdown, demyelination, oligodendrocyte depletion, progressive axonal loss, and a reactive astrogliosis (Raine, 1997; Brück and Stadelmann, 2005; Frohman et al., 2006) . Areas of remyelination are frequently observed in lesions early in the course of the disease, and correlate with the return of efficient conduction (Smith et al., 1981; Brück et al., 2003) . However, it is also clear that remyelination gradually fails as MS progresses, although the mechanisms underlying this loss of regenerative capacity are not well understood. Current treatments for MS aim to reduce the incidence and severity of new lesion formation and clinical relapses, but these approaches have, to date, demonstrated little beneficial effect on regeneration and remyelination (Kieseier et al., 2005) . For this reason, myelin repair and neuroprotection remain major goals for MS therapy.
Accumulating evidence suggests that mediators produced locally play an important role in determining the success or failure of repair in the lesions of MS, and the keys to understanding remyelination may therefore lie in molecular study of the lesion environment (Franklin, 2002) . Reactive astrocytes represent the most abundant cellular component of the MS plaque (Holley et al., 2003) , and these cells have been implicated as regulators of CNS inflammation and repair (Bush et al., 1999; Faulkner et al., 2004) . They have also been shown to express factors that regulate oligodendrocyte survival and/or maturation in vitro (Komoly et al., 1992; Wolswijk and Noble, 1992; Mayer et al., 1994; Gard et al., 1995; Redwine and Armstrong, 1998; Wu et al., 2000; John et al., 2002; Back et al., 2005) . As such, reactive astrocytes represent a logical target for analysis in attempts to understand the mechanisms controlling remyelination. Cytokines involved in the induction of CNS inflammation and a reactive astrogliosis include interleukin-1␤ (IL-1␤), transforming growth factor ␤1 (TGF␤1), and interferon-␥ (IFN␥), each of which is believed to induce a specific transcriptional response and functional phenotype (for review, see John et al., 2003) .
In the current study, we investigated potential links between astrocyte reactivity and lesion repair using microarray analysis of cytokine-activated primary human fetal astrocytes. This approach identified IL-11, a gp130 family member, as a factor specifically induced in response to IL-1␤ or TGF␤1. Cytokines of the gp130 family, including leukemia inhibitory factor (LIF) and ciliary neurotrophic factor (CNTF), have been shown to play a dual role in the response to CNS injury, acting as regulators of both inflammation and progenitor differentiation (Butzkueven et al., 2002; Linker et al., 2002) , and are therefore of potential interest in the context of MS. Although minimal information is available concerning the role of IL-11 in the postnatal CNS, the chromosomal region containing the IL-11 gene (19q13) has been linked to MS by genetic studies (Barcellos et al., 1997; Green et al., 2001 ). We therefore hypothesized that IL-11 might play a role in regulating oligodendrocyte survival and maturation, and myelin formation in the MS lesion, and the results of our experiments support this hypothesis. These data are the first to implicate IL-11 as a factor potentially relevant to oligodendrocyte protection and/or repair in this disease.
Materials and Methods
Cytokines/growth factors. Recombinant human IL-1␤, IL-11, TGF␤1, and LIF were purchased from Peprotech (Rocky Hills, NJ), whereas human IFN␥ and mouse IL-11 were obtained from R & D Systems (Minneapolis, MN). IL-1␤, TGF␤1, IFN␥, and LIF were used at 10 ng/ml, based on dose-response studies that we and others have performed previously on cytokine-mediated signal transduction events in human astrocytes (Liu et al., 1996; John et al., 2002) , and other cell types (Delhase et al., 1999; Adachi et al., 2005) . IL-11 was used at doses ranging from 1 to 100 ng/ml based on published studies in primary cells (Enomoto et al., 2004) . Antibodies. Rabbit anti-IL-11, anti-IL-11R␣, and anti-p21 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The A2B5 mouse hybridoma was obtained from the American Type Culture Collection (Manassas, VA), and its antibody (IgM) was prepared using standard methods. Other antibodies comprised the following: O4 mouse monoclonal IgM (Dr. Peter Davies, Albert Einstein College of Medicine, Bronx, NY), monoclonal mouse anti-2Ј,3Ј-cyclic nucleotide-3Ј-phosphodiesterase (CNPase) (IgG1) and chicken anti-neurofilament (NF-M) (Covance, Berkeley, CA), rabbit anti-GFAP (Invitrogen, Carlsbad, CA), mouse anti-GFAP (IgG1) and rabbit anti-MBP (DakoCytomation, Carpinteria, CA), mouse anti-MBP (IgG1) (Covance), mouse anti-PDGFR␣ (IgG1) (R & D Systems), and mouse anti-human Ki-67 (IgG1) (BD Pharmingen, San Diego, CA).
Tissue culture (human). Postmortem human fetal CNS tissue (19 -22 weeks of gestation) was obtained from the Human Tissue Repository at the Albert Einstein College of Medicine, and all procedures were approved by the Institutional Clinical Review Committee. Cultures of primary human astrocytes were established from human fetal brain and maintained as described previously (Liu et al., 1996) , whereas cultures of primary human oligodendrocytes were prepared from human fetal spinal cord as reported previously (Wilson et al., 2003) , with minor modifications. Briefly, tissues were dissected and digested with papain/collagenase/trypsin/DNase (all Sigma, St. Louis, MO), to obtain cell suspensions. Cells were washed once in DMEM/F12 medium (Invitrogen), and then resuspended in DMEM/F12 supplemented with N2 medium, 1% penicillin-streptomycin-fungizone (both Invitrogen), 336 ng/ml thyroxine, 396 ng/ml triiodothyronine, and 1% BSA (all Sigma), and incubated in uncoated T-25 flasks overnight at 37°C. Nonadherent cells were then collected and plated onto poly-D-lysine-coated glass confocal plates (Mat-Tek, Ashland, MA). After 2 h, fresh Basic Medium, with or without 1-100 ng/ml recombinant human Rocky Hill, NJ) , was added to cultures, and cells were grown for 5 d.
Tissue culture (rodent) . Mouse dorsal root ganglia (DRG) neurons were isolated from embryonic day 14.5 (E14.5) and established on collagen-coated glass coverslips as described previously (Taveggia et al., 2005) . Explants were cycled with FUDR (fluorodeoxyuridine) (Sigma) to eliminate all non-neuronal cells. Neuronal medium was supplemented with 50 ng/ml NGF (Harlan Bioproducts, Indianapolis, IN). Primary oligodendrocyte precursors (OPCs) were prepared as described previously from mixed glial cultures prepared from cerebral cortices of postnatal day 1 (P1) Sprague Dawley rats (Caporaso and Chao, 2001) . OPC-DRG neuronal cocultures were established as described previously (Chan et al., 2004) . Briefly, 100,000 A2B5ϩ OPCs were added to cultures of purified neurons and kept in MEM containing 10% FBS. Myelination was induced the following day by addition of 1 g/ml TrkA-Fc (Chemicon, Temecula, CA). In cultures treated with IL-11, 10 ng/ml recombinant mouse IL-11 was added to A2B5ϩ OPCs soon after purification before seeding on purified DRGs, and the cytokine was then added fresh every other day throughout the experiment. Myelin segments were identified by MBP staining and quantitated in at least four fields in regions of the coverslip with comparable numbers of axons in four separate experiments. Preliminary immunostaining studies indicated that IL-11R␣ was expressed by rodent oligodendrocytes in a manner similar to that seen in human cultures (localizing to ϳ53% oligodendrocytes) (see Fig. 4 ). In contrast, IL-11R␣ was expressed by only a small percentage of neurons (4.4%), and we did not observe any relationship between axonal receptor expression and myelination status in cocultures (data not shown).
Microarray analysis. Human cDNA arrays were obtained from the Albert Einstein College of Medicine cDNA Microarray Facility (http:// microarray1k.aecom.yu.edu/), and each slide contained an unbiased, random collection of 27K cDNA probe elements (Incyte Genomics, Palo Alto, CA). Human fetal astrocytes from four separate subjects were studied in independent experiments. Total RNA (control or cytokine treated) was extracted using the RNeasy Mini kit (Qiagen, Valencia, CA), and analyzed using an Agilent 2100 bioanalyzer. Samples without evidence of degradation were amplified once using the MessageAmp antisense RNA (aRNA) kit (Ambion, Austin, TX). After reverse transcription of aRNA, cytokine-treated samples were labeled with Cy5-fluorescent nucleotides (Amersham Biosciences, Piscataway, NJ), whereas control samples were labeled with Cy3-fluorescent nucleotides. Cy5-and Cy3-labeled cDNA samples were cohybridized to microarray slides, which were then washed, and scanned using a GenePix 4000b scanner (Molecular Devices, Union City, CA). Data were filtered, and the signal ratio of Cy5 to Cy3 was calculated for each spot to derive a relative expression value. This was then used to compare gene expression in the different experimental groups.
Real-time PCR (quantitative PCR).
Cultures of primary human fetal astrocytes or oligodendrocytes were treated as described and RNA harvested using an Absolutely-RNA RT-PCR Miniprep kit (Stratagene, La Jolla, CA). cDNA was generated, and real-time PCR performed, using a previously published protocol (Yuen et al., 2002a) . Each transcript in each sample was assayed in triplicate, and the mean detection threshold (C T ) values were used to calculate F p values (fold-change ratios between experimental and control samples) for each gene. Amplicon size and reaction specificity were confirmed by agarose gel electrophoresis. Data validity by modeling of reaction efficiency and analysis of measurement precision have been described previously (Yuen et al., 2002b) . Primers used were as follows: IL-11: sense, GAC ATG AAA CAG CAG GCT AC; antisense, CAC CCA CAA TCC CAC CTC; product, 158 bp; LIF: sense, GTT CCT GCC TTA GAG TCA TC; antisense, CAG TAT GAA ACA TCC CCA CAG; product, 194 bp; IL-6: sense, GGT CAG AAA CCT GTC CAC TG; antisense, CAA GAA ATG ATC TGG CTC TG; product, 256 bp; CNPase: sense, GTA GAG CAG GGC AAG TAA CA; antisense, GTT GGA AGG AGA AGG GAA CA; product, 221 bp; MBP: sense, TCC TGT CCT TCT CTC ACC TCC T; antisense, GTT TGC CTC CTT TTC CTC CCT C; product size, 233 bp; p21: sense, AGC GAC CTT CCT CAT CCA CC; antisense, AGA CAA CTA CTC CCA GCC C; product size, 150 bp.
Western blotting. SDS-PAGE and Western blotting were performed as previously published (Liu et al., 2000) .
ELISA. Supernatants collected from confluent astrocyte cultures treated as above were analyzed for human IL-6, IL-11, and LIF protein concentrations. IL-11 and LIF were assayed using Quantikine immunoassay kits (R & D Systems), whereas IL-6 was detected using an Elisa Max Set Deluxe kit (Biolegend, San Diego, CA).
Immunofluorescence. At times specified, cells were fixed for 10 min with 4% paraformaldehyde and processed for single or double immuno-staining, using the following combinations: Ki-67, A2B5, A2B5 plus IL-11R␣, CNPase, CNPase plus IL-11R␣, O4, O4 plus GFAP, O4 plus IL-11R␣, MBP plus NF. For surface antigen staining, cells were blocked with 10% goat serum in PBS for 30 min and incubated with primary antibody (A2B5, 1:15; O4, 1:25, IL-11R␣, 1:20) in PBS/1% goat serum overnight at 4°C. After rinsing in PBS, cells were incubated in appropriate secondary antibody (1:100; all from Invitrogen) at room temperature (RT) for 1 h. Cells were washed three times with PBS/0.3% Triton (TPBS) to permeabilize cell membranes and were then stained for a second (intracellular) antigen, or counterstained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI). For intracellular antigens, cells were blocked with PBS/10% goat serum/0.3% Triton X-100 at RT for 30 min, and incubated in primary antibody (CNPase, 1:100; GFAP, 1:100; Ki-67, 1:50; MBP, mouse antibody, 1:200; NF, 1:2000) in TPBS/1% goat serum overnight at 4°C. Cells were washed with TPBS and incubated in secondary antibody (as above) at RT for 1 h, counterstained with DAPI to visualize cell nuclei, and mounted. Cultures were examined and photographed using an Axiovert 200 inverted fluorescence microscope imaging system with Axiovision software (Carl Zeiss MicroImaging, Thornwood, NY), and/or with a Zeiss LSM 510 META laser-scanning confocal system attached to the same microscope. In some experiments, Z-series stacks were collected from the confocal microscope using 0.5 m on the z-axis. Image analysis (including fractal analysis) was performed using NIH ImageJ 1.30v software.
Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling assay. Detection and quantification of apoptosis was performed using an In Situ Cell Death Detection kit (Roche, Indianapolis, IN) . Oligodendrocyte cultures were fixed as above, and were first stained for O4 to establish cell identity, and then a terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) assay was performed according to the manufacturer's instructions to quantify apoptotic cells. Counterstaining with DAPI was used as a final step to quantitate total cell numbers.
5-Bromo-2Ј-deoxyuridine incorporation. To assess proliferating cells in our human oligodendrocyte cultures, we used a commercially available in situ 5-bromo-2Ј-deoxyuridine (BrdU) incorporation assay (BD Pharmingen). Briefly, BrdU (10 M; BD Pharmingen) was added to cultures for 24 h, and cells were fixed in fixation buffer for 15 min, and washed twice with PBS. After incubation in diluent buffer for 30 min to permeabilize cell membranes, 0.3% H 2 O 2 was added for 10 min to block endogenous peroxidase activity. Cells were incubated in 2N HCl for 1 h to denature nuclear DNA, followed by three washes with 0.1 M sodium borate, pH 8.5 to neutralize HCl. After antigen retrieval, immunostaining was performed according to the manufacturer's instructions, and cultures were examined and photographed using a Zeiss Axiovert microscope.
Electron microscopy. Control and treated myelinating rodent cocultures were processed as described previously (Einheber et al., 1995) or by a "stamp" method. For the latter, cultures grown on collagen-coated glass coverslips were rinsed in PBS and fixed overnight at 4°C in 2% glutaraldehyde diluted in 0.1 M phosphate buffer, pH 7.0 (0.1 M PB). The fixed cultures were then washed in 0.1 M PB and incubated in 2% osmium tetroxide in 0.1 M PB for 1 h. After washing in 0.1 M PB, the cultures were dehydrated through a graded series of alcohol ranging from 30 to 100%, and then incubated with EMbed (Electron Microscopy Sciences, Fort Washington, PA) for 2 h. The EMbed was removed, and capsules filled with EMbed were then inverted on top of each coverslip and allowed to sit overnight. The coverslips with inverted capsules were incubated for 2 d at 60°C to polymerize the resin. The capsules bearing the embedded cultures were then pried from the coverslips, and ultrathin sections were prepared from regions of interest. The sections were counterstained with uranyl acetate and Reynold's lead citrate and examined on a Philips (Eindhoven, The Netherlands) CM10 electron microscope.
Immunohistochemistry. Postmortem adult CNS tissue (3-48 h) from 10 MS patients, 5 age-and sex-matched normal controls, and 4 patients with other neurological diseases (ONDs), were studied. Details of the human samples used in these experiments can be found in Table 1 . Sections were dewaxed and rehydrated, and then incubated in PBS/3% H 2 O 2 for 30 min, blocked with a commercially available blocking buffer (NEN, Boston, MA), and incubated with antibodies specific for human IL-11 (1:10), IL-11R␣ (1:10), GFAP (mouse antibody; 1:400), PDGFR␣ (1:30), or MBP (rabbit antibody; 1:500) in blocking buffer for 2 h at RT, and then overnight at 4°C. After washing, sections were incubated in biotinylated secondary antibodies made in goat (1:200; Vector, Burlingame, CA) for 30 min, and developed using standard ABC protocols (GFAP, PDGFR␣) (Vector), or TSA (tyramide signal amplification) protocols (all other antigens) (NEN) followed by diaminobenzidine (DAB) (brown) or nitroblue tetrazolium (NBT) (blue) (both Sigma). For double labeling, sections were stained for IL-11 or IL-11R␣ (DAB) followed by GFAP or PDGFR␣ (NBT). Control sections were processed using species-and isotype-matched irrelevant primary antibodies, IgG fractions, or no primary antibody. All sections except those that were doublestained were then counterstained with hematoxylin, and adjacent sections were also stained with hematoxylin and eosin or Luxol fast blue to illustrate lesion pathology. Sections were then dehydrated, mounted, and examined and photographed using a CCD camera attached to an Axiophot upright microscope (Carl Zeiss MicroImaging), and image analysis was performed as above.
Statistical analysis. Statistical analysis of quantitated results was performed with Prism software (GraphPad, San Diego, CA), using appropriate tests as described in the text. A value of p Ͻ 0.05 was considered significant.
Results

IL-1␤ and TGF␤1 induce IL-11 in primary cultures of human astrocytes
Our initial evidence that IL-11 might be upregulated in MS lesions came from cDNA microarray experiments using samples from primary human astrocytes (Fig. 1) . Cultures of human fetal astrocytes were treated with cytokines known to be significantly upregulated in the brains of MS patients, including IL-1␤, IFN␥, and TGF␤1 (Cannella and Raine, 1995; Baranzini et al., 2000) , and the resulting gene expression patterns were compared with untreated matched controls using microarrays of 27,000 cDNA elements representing 18,000 unique human cDNAs. This approach was similar to that which we previously used in a smallerscale study (John et al., 2002) , and the resulting data demonstrated that each cytokine elicited a distinct change in the astrocyte gene profile, which in turn suggested biological significance (Fig. 1a) . IL-1␤ regulated the expression of chemokines (especially CXC chemokines), cytokines [particularly members of the tumor necrosis factor (TNF) superfamily], cell adhesion molecules, and genes relevant to vascular remodeling, a pattern consistent with its proposed role in CNS inflammation and blood-brain barrier permeability (for review, see John et al., 2003) . In contrast, TGF␤1 induced or modulated genes associated with extracellular matrix deposition and remodeling, a profile compatible with the role of this cytokine in the regulation of repair. TGF␤1 also induced multiple genes involved in lineage determination and/or differentiation in the developing CNS. IFN␥ had much less dramatic effects (data not shown), although it potentiated the expression of a number of genes induced by IL-1␤ (Fig. 1a) .
One of the most interesting findings of this analysis was that both IL-1␤ and TGF␤1 induced members of the gp130 cytokine family, including IL-11 and LIF, whereas IL-1␤, but not TGF␤1, also induced another gp130 mediator, , data marked with a red asterisk). These findings were of particular relevance to our interest in MS, because previous work has implicated members of the family, including LIF and CNTF, as regulators of both inflammation and progenitor differentiation after CNS injury (Butzkueven et al., 2002; Linker et al., 2002) . Although minimal information is available concerning the potential role of IL-11 in the response to injury or inflammation, the chromosomal region containing the IL-11 gene (19q13) has been linked to MS by genetic studies (Barcellos et al., 1997; Green et al., 2001 ), and we therefore hypothesized that IL-11 might play a significant 4 Figure 1 . Inflammatory cytokines elicit distinct gene expression patterns in human astrocytes: members of the gp130 family are induced by both IL-1␤ and TGF␤1. a, Microarray analysis of responses of primary human fetal astrocytes exposed to IL-1␤ alone, or IL-1␤ plus IFN␥ (IϩG), or TGF␤1, for 6 or 24 h. Data have been converted to a pseudocolor map to facilitate interpretation, and abbreviations used follow standard Unigene nomenclature.Genesinducedaftercytokinetreatmentareshowninred, and genes repressed after treatment are shown in green. Note that gp130 family members, including IL-11, LIF, and IL-6, are sensitive to the effects of cytokines (asterisk). b-e, Real-time PCR (QPCR) analysis of gene expression in primary human fetal astrocytes exposed to 10 ng/ml IL-1␤, IFN␥, IL-1␤ plus IFN␥,or TGF␤1for24h. ,LIF(c),andIL-6(d). Note that IL-11 and LIF are induced by either IL-1␤ or TGF␤1, whereas IL-6 is induced only by IL-1␤. ***p Ͻ 0.001, **p Ͻ 0.01, and *p Ͻ 0.05, ANOVA followed by Bonferroni's post test. Error bars indicate SEM. e, Representative plate samples were resolved on a 2% agarose gel to confirm the specificity of the QPCRs shown in b-d. Data are representative of three separate experiments on astrocytes from three different brains. ctrl, Control.
role in regulating regeneration and/or inflammation in the MS lesion. The fact that IL-11 and LIF were coregulated by both IL-1␤ and TGF␤1 was also unusual in the context of our study; very few other genes showed this expression pattern.
To verify our microarray data at the RNA and protein levels, we used quantitative PCR (QPCR) (Fig. 1b-e) and sandwich ELISA (Fig. 2) . QPCR experiments confirmed potent induction of IL-11 and LIF at the mRNA level as early as 6 h after treatment of human fetal astrocyte cultures with IL-1␤ or TGF␤1 (Fig.  1b,c) , and of IL-6 after treatment with IL-1␤ (Fig. 1d) , with levels remaining stable or decreasing thereafter. In contrast, minimal effects were observed after treatment of cultures with IFN␥, and we further observed that IFN␥ did not potentiate IL-1␤-mediated induction of gp130 family members. Compatible results were obtained using sandwich ELISA, although, as expected, upregulation of IL-11, LIF, and IL-6 at the protein level occurred after induction of mRNA, with peak concentrations occurring at 24 h after treatment (Fig. 2a-c) .
IL-11 is expressed in MS tissue samples
To test whether these observations were relevant to events in vivo within the MS plaque, we performed immunohistochemistry for IL-11, and its receptor IL-11R␣, on autopsy adult human CNS tissue from 10 confirmed cases of MS displaying different stages of lesion activity (2 acute, 5 chronic active, and 3 chronic silent), 5 cases of inflammatory or noninflammatory ONDs, and 5 ageand sex-matched normal controls. Additional information concerning the samples used in these experiments can be found in Table 1 , and the results of our immunohistochemistry studies are illustrated in Figure 3 . Figure 3a -d show a series of matching images of adjacent sections of a chronic silent MS plaque from a 32-year-old female MS patient, and they illustrate the distribution of IL-11 immunoreactivity in this sample, which was typical of our findings in other similar lesions. Staining for IL-11 was concentrated at the border of the plaque, which was mildly hypercellular and contained some myelin, although staining also extended into more extensively myelinated white matter adjacent to the lesion. Significantly less immunoreactivity was observed within the demyelinated area (Fig. 3d) . These findings are quantitated in Figure 3e .
To determine the identity of IL-11-expressing cells, we used cell type-specific markers (Fig. 3f-i) . Cells that were positive for IL-11 immunoreactivity were large and process-bearing, and appeared slightly hypertrophic (Fig. 3f ) . This morphology is characteristic of GFAPϩ astrocytes, and double-staining for IL-11 and GFAP confirmed the identity of IL-11-expressing cells (Fig.  3g) . We did not observe IL-11 immunoreactivity on other cell types, including oligodendrocytes and microglia (data not shown). In addition, we did not detect significant staining for IL-11 in CNS samples from normal controls or noninflammatory OND, although immunoreactivity was detected in some inflammatory OND (HIV) sections (data not shown).
In contrast to the pattern of expression of IL-11, we found that the localization of its ligand-specific receptor subunit, IL-11R␣, was rather different (Fig. 3h,i) . Staining for IL-11R␣ was found on small cells with round nuclei in white matter areas (Fig. 3h) . This morphology is typical of oligodendrocytes, and we found that IL-11R␣ staining in vivo localized to oligodendrocytes with a variety of morphologies, including interfascicular cells and individual PDGFR␣ϩ cells in white matter that appeared less mature. An example of a cell double-stained for IL-11R␣ and PDGFR␣ is shown in Figure 3i . We also found that, although IL-11 was expressed with a specific distribution in MS tissue samples, and was not observed in normal controls, in comparison IL-11R␣ staining was present in both MS and normal control samples, as well as in noninflammatory and inflammatory ONDs (data not shown). On the basis of these results, we hypothesized that the distribution of IL-11 rather than its receptor might be the limiting factor in IL-11 signaling in the CNS, a theory that would be compatible with previous findings for other members of the gp130 family in multiple systems (Ernst and Jenkins, 2004) .
We performed staining on MS tissue samples containing several different lesion types as part of our immunohistochemical study (Table 1) , and although the results shown in Figure 3 were taken from a chronic silent MS plaque, we also observed comparable findings in active lesions (see supplemental data, available at www.jneurosci.org as supplemental material). As in the case of silent MS lesions, we found that IL-11 immunoreactivity was most prominent at the partially or fully myelinated border of active plaques, and observed minimal immunoreactivity for IL-11 in demyelinated areas.
IL-11 potentiates the survival and maturation of primary human oligodendroglia
To investigate the functional effects of IL-11, we established primary cultures of human fetal spinal cord enriched for oligodendroglia using published methods (Wilson et al., 2003) . These were allowed to grow and mature for 5 d before being fixed and stained for relevant markers. In control cultures, cells of the oli- godendroglial lineage represented ϳ77% of the total cell number after 5 d in vitro, and these could be further subdivided into different maturational stages on the basis of marker expression and morphology (Fig. 4) . Based on these criteria, we found that the oligodendroglial component comprised ϳ38% immature bipolar A2B5ϩ cells, 24% more mature multipolar O4ϩ cells, and 15% CNPaseϩ arborized oligodendrocytes (Fig. 4a,b) . Some overlap of these populations was also observed, with a few A2B5ϩ cells also weakly positive for O4 (data not shown). The remaining 20% of cells present in these cultures were made up almost exclusively of GFAPϩ astrocytes (data not shown). We examined IL-11R␣ expression in these cultures, and found that the receptor was expressed by oligodendroglia, as we had found in our immunohistochemical studies, although in vitro the pattern of expression appeared to include quite immature cells. Immunoreactivity localized to a high percentage of the immature A2B5ϩ oligodendrocytes in these cultures, (Fig. 4c,d) , whereas a significantly smaller percentage of O4ϩ cells were IL-11R␣ϩ (Fig. 4c,e) , and still less IL-11R␣ staining was present in the CNPaseϩ oligodendrocyte population (Fig. 4c,f ) . We did not observe expression of IL-11R␣ in GFAPϩ astrocytes (data not shown).
To determine the functional effects of IL-11, we performed assays that focused on cell number, viability, mitosis, and maturation (Fig. 5) . Primary human fetal oligodendrocyte-enriched cultures were treated with recombinant human IL-11 (1-100 ng/ml) at plating, and were allowed to grow and mature as above before being fixed for immunostaining, cell counting, and morphometry, or harvested for RNA (real-time PCR) or protein (Western blotting). Initially, we performed cell counting of immunofluorescently labeled cultures, and these experiments revealed that IL-11 treatment was associated with an increase in the number of oligodendrocytes: we found that there were significantly more cells per field positive for A2B5, O4, or CNPase in treated cultures than in controls (Fig. 5a-c) . In contrast, we did not observe a significant increase in the number of GFAPϩ cells in IL-11-treated cultures (data not shown). Effects on oligodendrocytes were statistically significant at a treatment concentration of 10 ng/ml IL-11 (Fig. 5a,b ). An additional increase in the number of CNPaseϩ oligodendrocytes was apparent at a concentration of 100 ng/ml, together with a small increase in the number of O4ϩ cells (Fig. 5c) . -11 (d) . b illustrates the morphology of this area; note the demyelination within the lesion (right side of the panel, pale pink), which contrasts with the presence of myelin in an adjacent area of more normal-appearing white matter (WM) (left side of panel, blue). Myelin appears as parallel blue lines and is present in the normal-appearing white matter and to a lesser extent at the lesion border (black arrows). A similar distribution for myelin is observed in c, immunostained for MBP. This panel also clearly illustrates a slight hypercellularity at the lesion border. Many of the cells in this area have small round nuclei characteristic of oligodendrocytes (green arrows). In d, immunostaining for IL-11 is seen to localize to large hypertrophic cells that resemble astrocytes (red arrows), with immunoreactivity concentrated at the lesion border, extending into more normalappearing white matter. Note that minimal immunoreactivity for IL-11 is observed in the lesion itself. The distribution of IL-11 immunoreactivity is quantitated in e. wm, White matter; bor, border; les, lesion. f-i, Phenotypic identification of cells expressing IL-11 and IL-11R␣. A higher-magnification photograph of a typical IL-11ϩ cell is shown in f. This large, process-bearing cell has morphology similar to that of a hypertrophic astrocyte, and double-staining for IL-11 and GFAP confirms the identity of IL-11-expressing cells (g). No immunoreactivity for IL-11 was observed in microglia or oligodendrocytes. Immunostaining for the IL-11 ligand-specific receptor subunit IL-11R␣ is shown in h. Immunoreactivity localized to small cells with round nuclei, with the morphological characteristics of oligodendrocytes. The identity of these cells was confirmed using double staining for IL-11R␣ and the oligodendrocyte marker PDGFR␣ (i). Magnification: a, 30ϫ; b-d, 100ϫ; f-i, 500ϫ . In e, error bars indicate SEM. ***p Ͻ 0.001, ANOVA followed by Bonferroni's post test.
Similar effects were also observed in cultures allowed to grow for longer periods (10 d) (data not shown).
We next performed experiments to determine the extent to which the effects of IL-11 on oligodendrocyte number were attributable to changes in cell maturation, viability, and/or proliferation (Fig. 5d-f ) . IL-11 was used in these experiments at a concentration of 10 ng/ml, based on the results of our dose-response studies and previous reports from other systems (Fig.  5c ) (see Materials and Methods). To investigate potential effects on oligodendrocyte maturation, we examined expression of the cyclin kinase inhibitor p21 CIP1 , which has been strongly implicated in the establishment of an oligodendrocyte differentiation program (Ghiani et al., 1999; Zezula et al., 2001) . Using real-time PCR and Western blotting, we found that IL-11 treatment was associated with a significant increase in p21 CIP1 at the RNA and protein levels (Fig. 5d,e) . These data were supported by real-time PCR studies examining myelin gene expression, which showed that treatment with 10 ng/ml IL-11 for 5 d was associated with an increase in of ϳ50% in the expression of both CNPase and MBP in IL-11-treated cultures compared with controls. Statistical analysis of these results showed that they were significant (CNPase, p Ͻ 0.05; MBP, p Ͻ 0.001, Student's t test) (data not shown). In addition, we found that oligodendroglia in cultures exposed to 10 ng/ml IL-11 were more extensively arborized than untreated controls, displaying a significant increase in process branching. Quantitation of the oligodendroglial morphological complexity using fractal analysis demonstrated that this difference was significant ( p Ͻ 0.001) (data not shown).
We also investigated effects on oligodendrocyte viability, using staining for the apoptosis marker TUNEL. These studies showed that IL-11 treatment was associated with a significant reduction in apoptosis in treated cultures, as assessed by the number of TUNELϩ cells per field (Fig. 5f ). Finally, we examined effects of IL-11 on cell proliferation, using BrdU labeling and immunostaining for Ki-67. These experiments showed that, in contrast to its effects on maturation and viability, IL-11 had no significant impact on the number of mitotic cells in our cultures. Staining experiments for Ki-67 antigen indicated that ϳ3-5% of cells in these cultures were proliferating, and that this number was not significantly affected by IL-11 treatment (data not shown).
In addition to these experiments, we also performed studies to compare the effects of IL-11 to those of LIF, another cytokine of the gp130 family that has previously been implicated in oligodendrocyte protection and myelin formation in rodent systems (Mayer et al., 1994; Gard et al., 1995; Butzkueven et al., 2002; Ishibashi et al., 2005; Vanderlocht et al., 2006) . Primary human fetal oligodendrocyte-enriched cultures were treated at plating with 10 ng/ml recombinant IL-11 or LIF, and allowed to grow and mature as above before being fixed, stained, and analyzed. Interestingly, the results of these studies indicated that LIF did not have a significant impact on the number of oligodendrocyte lineage cells, or GFAPϩ cells, in our human cultures at the concentrations tested (data not shown). Interestingly, we did find that LIF potentiated the extent of oligodendroglial arborization, although this effect was weaker than that observed in response to IL-11 ( p Ͻ 0.01) (data not shown). Together, the results of these studies suggested that IL-11 potentiates the viability and matura- tion of human oligodendrocytes, and that its effects are more potent than those of LIF.
IL-11 potentiates myelin formation in CNS cocultures
To determine whether the effects of IL-11 on oligodendrocytes are associated with changes in their ability to form myelin, we conducted experiments using myelinating rodent CNS cocultures (Fig. 6 ). These were established from mouse (E14.5 DRG) and rat (P1 cerebral cortex) tissues using published methods (Caporaso and Chao, 2001; Chan et al., 2004; Taveggia et al., 2005) and as outlined in Materials and Methods. Preliminary immunostaining experiments suggested that any effects of IL-11 in these cultures would result predominantly from signaling in oligodendrocytes (see Materials and Methods). Myelination was initiated by adding TrkA-Fc (1 g/ml) to neutralize the activity of NGF and promote myelin formation, which occurred over a period of 14 d. Recombinant IL-11 (1-100 ng/ml) was added after oligodendrocyte purification, and supplemented in the medium every other day during myelination. After 14 d, cells were fixed, immunostained for markers specific for axons [high-molecular-weight neurofilament (NF)] and myelin (MBP), and subjected to quantitative analysis. Both control and IL-11-treated cultures contained linear MBPϩ segments that extended along NFϩ axons, and we found that IL-11-treated cultures contained significantly more of these segments than controls (Fig. 6a,b) . Quantitation and statistical analysis showed that the effect of IL-11 was statistically significant at a treatment concentration of 10 ng/ml, and an additional increase in the number of segments per field was apparent at a concentration of 100 ng/ml (Fig. 6b) . Based on these results, subsequent analysis was performed using cultures treated with an IL-11 concentration of 10 ng/ml. To determine whether IL-11 accelerated the formation of MBPϩ segments, we examined cultures at earlier time points after addition of TrkA-Fc (7-10 d). Interestingly, these experiments showed that, although IL-11 potentiated the number of segments per field, it did not appear to affect the timing of these events: MBPϩ segments were not observed any earlier in treated cultures than controls (data not shown). Examination at a higher magnification showed that, in both treated cultures and controls, MBPϩ segments surrounded and appeared to ensheath NFϩ axons, a pattern consistent with myelin formation (Fig. 6c) . To examine these structures more closely, we used electron microscopy, and these studies confirmed the presence of compact myelin in both control and IL-11-treated cultures (Fig. 6d) . Interestingly, although IL-11 treatment was associated with an increase in the number of myelin segments, it did not appear to affect myelin thickness (Fig.  6d) , and we also found that normal paranodes containing septate junctions were present in both control and treated cultures (example illustrated in Fig. 6e) . Together, these findings show that IL-11 potentiates myelin formation in CNS cocultures. They further suggest that this effect results from an increase in the number of myelin segments formed, and that the structure and/or organization of these segments is otherwise unchanged.
Discussion
Studies on the pathology of MS tissue suggest that there are at least two types of lesions in the disease in which remyelination eventually fails: those in which OPCs are present in insufficient numbers, implying failure of survival or recruitment (Prineas et al., 1993; Niehaus et al., 2000) , and those in which OPCs are present but unable to complete the myelination program (Wolswijk, 1998; Chang et al., 2002) . Recent work has improved our knowledge of the factors that control OPC survival and differen- Figure 5 . IL-11 potentiates the survival and maturation of primary human oligodendroglia. Primary human fetal spinal cord cultures enriched for oligodendrocytes were allowed to grow and mature for 5 d before being fixed for immunofluorescence and morphometry or harvested to generate RNAorproteinextracts.SomeculturesweretreatedwithrecombinanthumanIL-11(1-100ng/ml)at plating, and cytokine was allowed to remain in the medium throughout the experiment. a-c, More cells per field were positive for the oligodendrocyte markers A2B5, O4, and CNPase in IL-11-treated cultures than in controls. Effects on oligodendrocytes were statistically significant at a treatment concentration of 10 ng/ml IL-11 (a, b). An additional increase in the number of CNPaseϩ oligodendrocytes was apparent at a concentration of 100 ng/ml, together with a small increase in O4ϩ cells (c). Based on these results, additional analyses of IL-11 effects were performed using a dose of 10 ng/ml. d, e, IL-11 treatment was associated with significant potentiation of oligodendrocyte maturation, as assessedbyexpressionofthecyclinkinaseinhibitorp21 CIP attheRNAlevelbyreal-timePCR(d)andat the protein level by Western blotting (e). IL-11 treatment was also associated with significantly reduced levels of apoptosis in treated cultures, as assessed by staining for the apoptosis marker TUNEL (f).Incontrast,nosignificantchangeincellproliferationwasobserved(BrdUlabeling,Ki-67staining) (data not shown). Scale bar, 30 m. ***p Ͻ 0.001, **p Ͻ 0.01, results obtained using one-way ANOVA followed by Bonferroni's post test (b, c) tiation, and myelin formation, and suggest that local conditions within the lesion play an important role in these events (Lubetzki et al., 2005) . Consistent with a role in remyelination, the growth factors PDGF-AA, FGF-2, and IGF-1 have been shown to potentiate the proliferation, migration, and differentiation of cultured adult OPCs (McMorris et al., 1986; Armstrong et al., 1990; Hsieh et al., 2004) , although only PDGF-driven progenitor proliferation has been convincingly demonstrated in vivo (Calver et al., 1998; Fruttiger et al., 1999) . Increased expression of these factors has also been demonstrated in experimental models of remyelination (Hinks and Franklin, 1999) . Cytokines (TGF␤1, TNF␣), chemokines (CXCL1), extracellular matrix components (high-molecular-weight glycosaminoglycans), and developmental cues (Jagged1) have also been shown to regulate the behavior of fetal or perinatal OPCs (McKinnon et al., 1993; Wu et al., 2000; Arnett et al., 2001; John et al., 2002; Back et al., 2005) , and to be expressed in MS lesions (Cannella and Raine, 1995; John et al., 2002; Back et al., 2005; Omari et al., 2006) .
A reactive astroglial response is a prominent feature of the lesions of MS (Raine, 1997) , and reactive astrocytes comprise the most abundant cellular component of the lesion environment (Holley et al., 2003) . Studies using transgenic animals have demonstrated that these cells are intimately involved in regulating inflammation and repair after insult or injury to the CNS (Liedtke et al., 1996; Bush et al., 1999) , and they have been shown to express several factors believed to regulate OPC behavior (Komoly et al., 1992; Wolswijk and Noble, 1992; Gard et al., 1995; Redwine and Armstrong, 1998; Wu et al., 2000; John et al., 2002; Back et al., 2005) . Cytokines for which the evidence of direct involvement in a reactive astrogliosis is most compelling include IL-1␤, TNF␣, IFN␥, and TGF␤1, and each appears to fulfill a different role in the response, inducing a specific pattern of gene expression and a resultant functional effect (for review, see John et al., 2003) . Of these, IL-1␤ and TGF␤1 stand out as being particularly interesting in the context of the MS lesion. IL-1␤ is associated with a proinflammatory role early in the course of CNS disease and is believed to be central to the induction of a reactive astroglial response (Herx and Yong, 2001) . IL-1␤ is expressed in acute and chronic-active plaques, by macrophages within the lesion center and microglia at the lesion edge (Brosnan et al., 1994) , and its levels in the CSF of MS patients correlate with disease activity (Hauser et al., 1990) . Interestingly, however, recent work has also highlighted the role of IL-1␤ in the regenerative process in the CNS ).
Conversely, based on available evidence, the role of TGF␤1 may be somewhat different. Expression of this cytokine by astrocytes and microglia has been demonstrated in animal models of CNS trauma, inflammation, and MS, and it is known that astrocytes both produce and respond to TGF␤1 (Logan et al., 1994; Cannella and Raine, 1995; Peress et al., 1996) . TGF␤1 appears to serve two discrete functions: first, as a negative regulator of inflammation (Shull et al., 1992) , and second, as a key player in the injury response (Border and Noble, 1994; Wyss-Coray et al., 1997; Singer and Clark, 1999 ).
In the current study, we investigated potential links between a Figure 6 . IL-11 potentiates myelin formation in vitro. Cocultures of mouse E14.5 DRG neurons and rat P1 cortical oligodendroglia were allowed to myelinate over a period of 14 d. Recombinant IL-11 (1-100 ng/ml) was added after oligodendrocyte purification and supplemented in the medium every other day throughout the experiment. a, Confocal microscopy: Z-series projections of cultures immunostained for myelin (MBP; red) and axons (NF; green). Linear MBPϩ segments can be observed extending along NFϩ axons (arrows). a, b, More segments were present in IL-11-treated cultures than controls (Ctrl). b, Statistical analysis showed that this difference was significant at a dose of 10 ng/ml, with an additional effect observed at 100 ng/ml. Based on these results, additional analyses of IL-11 effects were performed using a dose of 10 ng/ml. c shows a higher power view of part of a (asterisk). An MBPϩ segment surrounds and appears to ensheath an NFϩ axon, a pattern consistent with myelin formation. d, Examination using electron microscopy confirmed the presence of compact myelin in both IL-11-treated cultures and controls. Although IL-11 treatment was associated with an increase in the number of myelin segments, it did not affect myelin thickness. e, Normal-appearing paranodes containing septate junctions (marked by asterisks) were present in both control and treated cultures (example shown is from an IL-11-treated culture). Septate junctions are also shown at a higher magnification for clarity (inset). Scale bars: a, 40 m; c, 5 m; d, 100 nm; e, 250 nm. In b, ***p Ͻ 0.001, **p Ͻ 0.01, one-way ANOVA followed by Bonferroni's post test. Data are representative of three separate experiments on three independent cultures. Error bars indicate SEM.
reactive astrogliosis and MS lesion repair using a microarraybased approach, and identified the gp130 cytokine IL-11 as an astrocyte-derived factor that may play a positive role in regulating oligodendrocyte survival and maturation, and myelin formation. We found that IL-11 was induced in response to IL-1␤ and TGF␤1 in an in vitro model of a reactive astrogliosis, and analysis of brain tissue from MS patients supported and extended these data, confirming IL-11 expression by reactive astrocytes in vivo and indicating that it localized predominantly to the border of both active and silent MS lesions. The receptor for IL-11, IL-11R␣, localized to oligodendroglia with a variety of morphologies, including interfascicular oligodendrocytes and less mature PDGFR␣ϩ cells. In comparison, in primary human cultures, we found that oligodendrocytes also expressed IL-11R␣, although the pattern of expression in vitro included a higher proportion of more immature cells. We suspect that this difference may be a reflection of the different oligodendrocyte populations in the CNS tissue being examined in the two studies. It might be reasonable to expect myelinated adult human CNS tissue to contain a higher proportion of mature oligodendrocytes, and fewer progenitors, than the fetal CNS tissue used in our in vitro studies.
To better understand the effects of IL-11 on oligodendrocytes, we performed functional studies in primary human cultures. The results of these experiments showed that IL-11 enhances oligodendrocyte survival and maturation. We also found that, at the concentrations tested, these effects of IL-11 were more potent than those of LIF, another cytokine of the gp130 family that has previously been implicated in oligodendrocyte protection and myelin formation in rodent systems (Mayer et al., 1994; Gard et al., 1995; Butzkueven et al., 2002) , although we cannot rule out potential effects of higher or lower concentrations of LIF than were tested in this study (for example, see Ishibashi et al., 2005) . In addition, we demonstrated that IL-11 treatment was associated with significantly potentiated myelin formation in CNS cocultures. This effect appeared to result from an increase in the number of myelin segments formed in IL-11-treated cultures. Interestingly, the timing of myelin formation, and the structure and/or organization of myelin segments appeared otherwise unchanged when compared with controls.
The role of astrocytes in regulating cell differentiation and maturation is currently being explored in research into neural progenitor cells in the adult CNS. Work performed in this field has shown that astrocytes provide key cues in the fate specification of these cells (Song et al., 2002) , and suggests that astrocytes produce different signals for lineage-specific differentiation in different environments and regions within the CNS. Based on our data and results from other groups, it might be interesting to extrapolate this hypothesis to include the role of astrocytes in regulating protection and repair in pathological conditions in the adult. We suggest that studies into the functional properties of reactive astroglia, and how they change as lesions age, may represent a promising area of research into MS.
The gp130 family is of increasing interest in immunology and neurobiology because of the ability of specific members to function as modulators of proliferation, differentiation, and/or survival for multiple cell lineages (Heinrich et al., 2003) . All family members act via receptor complexes containing gp130. IL-6, IL-11, CNTF, and possibly CT-1 act on target cells through interactions with a ligand specific receptor and induce signaling by association of this receptor with either a gp130/gp130 homodimer (IL-6 and IL-11), or a gp130/LIFR heterodimer (CNTF) (Heinrich et al., 1998). In contrast, LIF binds directly to the LIFR, with subsequent formation of a LIFR/gp130 heterodimer. Minimal information is available concerning the functions of IL-11 and IL-11R␣ in the postnatal CNS, although more is known about the effects of IL-11 signaling in development and in other systems. In the developing CNS, IL-11 has been shown to induce both neuronal differentiation in a hippocampal cell line (Mehler et al., 1993) , and astrocytic differentiation of mouse neuroepithelial cells (Yanagisawa et al., 2000) , and it shares this latter property with family members including LIF and CNTF (Hughes et al., 1988; Koblar et al., 1998) . In other systems, it is known to regulate hematopoiesis and is a potent stimulator of megakaryocytopoiesis (Teramura et al., 1992) . It also has immunoregulatory effects and inhibits cytokine production in activated macrophages (Trepicchio et al., 1997) . In addition, it has been shown to stimulate both bone formation and resorption (Takeuchi et al., 2002) . Finally, IL-11 signaling is required for the normal development of implantation and survival to birth (Robb et al., 1998) .
Studies in the postnatal CNS have indicated that a number of gp130 family cytokines, including IL-6, play a significant role in regulating inflammation in the CNS, whereas other members, particularly those that include LIFR as part of their signaling complex such as LIF and CNTF, are involved in the regulation of regeneration. Thus, mice deficient for IL-6 are resistant to the model of MS, experimental autoimmune encephalomyelitis (EAE), and the mechanism involved appears to be immunoregulatory (Mendel et al., 1998) . Conversely, LIF is protective in EAE, and the mechanism involved is different. The inflammatory infiltrates typical of EAE are not reduced after LIF treatment and the effect of this cytokine appears to be directed at the sparing of tissue elements, including oligodendrocytes (Butzkueven et al., 2002) . Complementary studies have also implicated astrocytederived LIF in oligodendrocyte maturation and myelin formation in the developing CNS, and have suggested that this may represent a novel approach to treating demyelinating disease (Mayer et al., 1994; Gard et al., 1995; Ishibashi et al., 2005) . Our in vitro findings indicate that the effects of IL-11 on human oligodendrocytes may be more potent than those of LIF at the concentrations tested, and it will be interesting to determine which of these cytokines (or a combination of both) is more effective in potentiating oligodendrocyte survival and maturation, and myelin formation, in vivo.
To date, current treatments for MS are targeted at controlling the immune response and downregulating inflammation and new lesion formation, and very few options are available that promote regeneration and remyelination. Novel factors that potentiate oligodendrocyte survival or maturation, and in particular the formation of myelin, are therefore of particular interest. Our ongoing studies in this area are directed at determining whether the effects of IL-11 on myelin formation are attributable to maturational or morphological effects, and/or to potentiation of oligodendrocyte survival. Our data suggesting that IL-11 regulates the extent of myelin formation in vitro, but not its timing, may be relevant in this context. We also plan to characterize in more detail the cells expressing IL-11 and its receptor in vivo and in vitro. Finally, examination of the effects of IL-11 in an animal model is a logical extension of the studies presented in the current paper, and this is an area we are currently exploring.
Together, our data indicate that IL-11 is expressed by reactive astrocytes and that its actions on oligodendrocytes have the potential to positively regulate the survival and the maturation of these cells and their myelinating function. On the basis of our findings, we suggest that the IL-11/IL-11R␣ pathway may potentially be relevant to oligodendrocyte protection and/or
